The novel plasma position and shape controller of the TCV tokamak aids in the precise control of complex congurations such as snowake (SF) divertors. The ability of the controller design to simultaneously control the position, shape, divertor leg and X-points is extended to various SF plasma congurations. The unique feature of ordering the controlled variables from the most easily to the least easily controlled, while respecting the hardware limits on the poloidal-eld coil currents, is exploited in particular to provide reliable control of SF equilibria with closely spaced X-points, approaching the exact snowake. The o-line optimisation of the control parameters and their experimental implementation on snowake plasma conguration is reported. The performance of the new controller is compared with the legacy TCV analogue controller for a SF plasma discharge. The new controller is successful in providing a marked improvement over the legacy TCV controller with respect to σ, the main parameter of interest for this study.
Introduction
The nested magnetic ux surfaces necessary for plasma connement are obtained in a tokamak by the combination of elds produced by the external conductors and the plasma itself. The shape of the plasma is determined by the last closed ux surface. This is dened either by the intersection of the closed magnetic surfaces with a solid surface (limited plasma) or by a singularity in the magnetic eld itself. The latter geometry, known as divertor conguration, has emerged 1 Page 1 of 18 AUTHOR SUBMITTED MANUSCRIPT -NF-103210 .R3   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 as the pre-eminent solution for managing power and particle exhaust and core impurity content. At the magnetic X-point, a saddle point in the magnetic ux distribution, the poloidal eld vanishes, and the topology allows energy and particle losses to be channeled primarily into the divertor region that is separated from the conned plasma region. The downside is the high peak heat ux on the divertor plates, which can lead to destructive overheating and erosion.
In the ITER tokamak Q = 10 scenario, the steady-state power that crosses the separatrix and enters into the scrape-o layer (SOL) is expected to be about 100 MW. The distribution of the power has to be optimised such that the peak heat uxes on the plasma facing components are below the maximum tolerable value of 15 MW/m 2 . The requirements for power handling in ITER can be fullled provided 60 − 70 % of the power entering the SOL is exhausted through radiation in order to spread the power over a larger area [1] . Moreover the radiation fractions [2, 3] in future fusion reactors including DEMO must even be higher [4] . Approaches to cope with the heat uxes expected in DEMO include the development of new materials that can withstand greater steadystate heat uxes [5] , techniques and operating regimes that allow for a higher value of radiation loss [6] and techniques to increase the wetted area. Alternative divertor concepts are being considered to control the heat loads on the divertor targets and are currently under intense investigation. Dierent solutions have been proposed to reduce the plasma-wall interaction in the divertor region by acting on the magnetic eld topology [7, 8, 9, 10, 11] . One of these solutions is the so-called snowake (SF) divertor [7] .
A conventional single-null (SN) divertor conguration is formed by cancelling the poloidal magnetic eld B θ at the null point, which can be achieved with a dedicated divertor coil as shown in Figure 1(a) . In the SF conguration, which requires additional divertor coils, the gradient of the poloidal eld at the nullpoint also vanishes (∇B θ = 0), 1(b), thereby creating a second order null-point.
In reality, an exact SF conguration, Figure 2 (a), is only a single point in an operational domain and, in practice, a SF always possesses two neighbouring X-points separated by a nite distance. In such a conguration, the primary X-point determines the LCFS while the secondary X-point can be located either in the private ux region (PFR) of the primary separatrix, a case referred to as snowake plus (SF+) 2 (b) or in the common ux region, a case referred to as snowake minus (SF-) 2 (c). The proximity of any SF conguration to an exact SF can be characterised by a parameter σ, dened as the distance between the X-points, d xpt , normalised with the plasma minor radius on the outboard midplane, a.
The dierent SF congurations can be characterised by two main parameters, σ and the angle θ, which is dened as the angle between a line connecting the two X-points and a line perpendicular to a line connecting the primary X-point and the magnetic axis ( Figure 2(d) ) [12] . The σ parameter denes the proximity of the divertor conguration to an exact SF, whereas the θ parameter denes the transition between the SF+ and SF-. The range 60 o θ 120 o corresponds to a 2 Page 2 of 18 AUTHOR SUBMITTED MANUSCRIPT -NF-103210 .R3   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t SF+, while the range dened by θ 120 o or θ 60 o denotes a SF-conguration. Due to the location of the secondary X-point with respect to the primary one, a SF-with θ 120 o is referred to as (high eld side) HFS SF-whereas a SFwith θ 60 o is referred to as (low eld side) LFS SF-. Since these denitions are based on the expansion of the poloidal ux function near the primary X-point the transition between SF+ and SF-in practice is not exactly at 60 o and 120 o . The SF divertor conguration was rst demonstrated experimentally in the TCV tokamak [13, 14] . The conguration has also now been obtained in the NSTX spherical torus [15, 16] and DIII-D tokamak [17] .
The small value of B θ determines several geometric properties of the SF divertor that may be advantageous with respect to reducing the peak and total heat ux to the wall. A large region of low poloidal magnetic eld in the vicinity of the null point and a longer connection length are the most relevant geometrical quantities for a SF divertor. The ux expansion in the vicinity of a null-point is enhanced greatly, since the distance between the ux surfaces depends inversely on the magnitude of the poloidal eld. An enhanced ux expansion at the target also corresponds to a larger wetted area. A second closely related property is the divertor volume, which increases linearly with the ux expansion. A larger divertor volume is usually associated with larger radiative losses and a greater energy transfer to non-eld-directed neutrals. The conguration not only aims at increasing the losses by radiation and neutrals but also for potential SOL 3 Page 3 of 18  AUTHOR SUBMITTED MANUSCRIPT -NF-103210.R3   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t broadening due to enhanced mixing in the null point region [18] The SF plasma conguration is a strong candidate for solving the heat ux problem in future tokamak devices. However, the magnetic conguration of the SF is highly sensitive to changes in currents within the plasma and external coils and therefore requires complex magnetic control. Thus, an active and precise control of the magnetic conguration is of utmost importance. A real-time snowake divertor detection algorithm and controller has been successfully implemented in the DIII-D tokamak [19, 20] . EAST tokamak has also successfully demonstrated the real-time shape control of congurations with two magnetic nulls in the divertor [21] . In comparison with the previous published work, the novel generalised plasma position and shape controller developed for the TCV tokamak [22] includes the ability to provide simultaneous control of the position, shape, divertor leg and X-points for the SF plasma congurations and also allows ordering of the controlled variables from the most easily to the least easily controlled, while respecting the hardware limits on the poloidal eld coil currents. These unique controller features helps to provide a reliable control of SF equilibria, particularly with closely spaced X-points. However, it must be noted that performance of the new controller relies heavily on the choice of the control parameters. The set of control parameters are chosen based on a trade-o between the level of importance of controlling various plasma quantities and the limits on the poloidal eld coil currents. The new controller provides a good tracking of the σ parameter with a root mean square deviation (RMSD) of 0.07 in comparison to the TCV analogue controller with a RMSD of 0.15. Furthermore, it also results in a smaller steady state error in σ of 0.13 vs 0.19 for the legacy controller. The performance of the new controller appears less satisfactory for the θ parameter when σ < 0.3, with a RMSD of 76 • vs 42 • for the analogue controller. This is to be expected as θ becomes ill-dened as σ approaches zero.
The remainder of this paper is structured as follows. Section 2 describes the generalised plasma position and shape controller [22] , and introduces the 4 A c c e p t e d M a n u s c r i p t reference SF plasma conguration scenario to characterise the performance of the controller. Section 3 describes the design and optimisation of various control parameters of the controller for the SF plasma conguration. Section 4 reports on the controller performance and comparison with that of the legacy TCV analogue controller [23, 24, 25] . A summary of the main experimental results and brief discussion is provided in Section 5.
2 Generalized plasma position and shape controller Figure 3 shows the simplied block diagram for the generalised plasma position and shape controller algorithm. A non-diagonal generalised plant P g is dened with poloidal eld coil currents as inputs and plasma position and shape variables as outputs; the non-diagonal nature of the plant implies that a change in an input would aect all its outputs [22] . Consequently, a compensator design P + g , pseudo-inverse of the static (DC) gain of the generalised plant, is derived, provided that P g has a full row (output rank), to counteract the interaction of the plant. The result is a`newly' shaped plant, G s = P g P + g , which is nearly diagonal and easier to control than the original plant P g . A diagonal proportional and integral controller K s is utilised, with diagonal gain matrices K sp and K si to be designed. The control law takes the form of Equation 1, where u is the control signal (the vector of 16 poloidal eld coil current correction) and e = ( r − z) is the error dened as the dierence between the reference r and the controlled variables z.
(1) Figure 4 shows the schematic block diagram for the determination of a generalised plant P g [22] . A plant P is dened, which accepts poloidal eld coil currents 5 Page 5 of 18 AUTHOR SUBMITTED MANUSCRIPT -NF-103210 .R3   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 as inputs and outputs the poloidal ux ψ b at the control points on the plasma boundary and divertor leg, and poloidal magnetic eld B b at the X-points. In particular, the issue of vertical stability, i.e., the growth of the fast axisymmetric mode, is handled by a separate system (namely, the vertical stability control loop in the legacy hybrid control system) and is assumed to be entirely decoupled from the shape-control problem. Neglecting the dynamics and linearising around an equilibrium point, the plant P with δ I P F as inputs and δ y as outputs is given by
where δ ψ b is the poloidal ux at the control points on the plasma boundary, G d is the Green's function matrix such that δ ψ d = G d δ I P F , where δ ψ d the poloidal ux at the control points on the divertor leg, G Bp is the Green's function matrix such that δ B p = G Bp δ I P F , where δ B p is the poloidal magnetic eld (r and z compoments) at the X-points. M b is the near-diagonal matrix that transforms absolute poloidal uxes to ux dierences between control points and, similarly, M d is the matrix that transforms absolute uxes on divertor-leg points to ux dierences with respect to the X-point.
The control algorithm includes a constraint, which guarantees that the average addition of poloidal ux at the control points is zero, to prevent interference with the plasma current control. To achieve this, a null space basis N c is de-
where n c is the number of poloidal eld coils. Thus, the poloidal eld coil currents resulting in zero average addition of poloidal ux at the control points is given as, δ I P F = N c u o . An input scaling matrix S i ensures common units for the poloidal eld coil currents (kA in practice) and an output scaling matrix S o scales the plant outputs to dimensionless quantities that are roughly comparable in magnitude.
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The next step is to perform a singular value decomposition (SVD) of P o = U ΣV T , which provides a matrix V , representing a set of orthogonal vectors in the admissible input coil current space and U , the output directions. This organises the controlled variables into large and small singular values represented by Equation 4 , and as a result provides the freedom of limiting the control to the n 1 largest singular values of Σ 1 , obtained by projecting the weighted errors on the output space of these singular values, U 1 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
The generalised plant P g is then dened as P g = U 1 P o . The controller for the original plant P is thus represented by Equation 5 . Figure 5 shows the block diagram representing the implementation of the controller with the TCV coil current controller and RTLIUQE. The controller design includes a pre-multiplier matrix U g = U T W t T S o and a post-multiplier matrix V g = S i N c P + g : the latter translates the RTLIUQE outputs to controlled variables, z, while the former provides the actuator combinations for controlling the controlled variables. The reference signals are dened as zeros, since the controlled variables themselves already represent errors in uxes/elds w.r.t. their desired values. The error signals are fed in to a proportional and integral controller K(s) dened by Equation 1. Detailed information on the controller design can be found in [22] .
RTLIUQE solves for the GradShafranov equation with a least-squares approach that yields the best t to the magnetic measurements using parametric pressure and current proles derived partly from measurements and partly from 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t modeling or assumptions. The controller formalism assumes, of course, that the estimates of the magnetic elds and poloidal uxes provided by RTLIUQE are accurate. The performance of the controller must be judged entirely on its ability to create shapes that RTLIUQE will reconstruct. Ultimately, however, the performance of any shape controller will be limited by the accuracy of the shape reconstruction itself. The discussion of the accuracy of RTLIUQE is outside the scope of this paper. Figure 6 shows the reference Ohmic SF plasma conguration scenario that is used to characterise the performance of the generalised plasma position and shape controller. The scenario consists of a scan of the σ parameter for the snowake plasma conguration and was developed in FBTE/MGAMS [26, 27] , the suite of software tools used routinely on TCV to determine the poloidal coil currents and the feedback parameters for a given plasma conguration. The non-overlap of the control points representing the plasma boundary dened in MGAMS with the primary separatrix obtained from FBTE is shown in Figure 6 (c). The reason for the non-overlap of the FBTE solution can be found in [26] . The primary control objective of the generalised plasma position and shape controller is to provide a good tracking and zero steady state error of the σ parameter for the snowake plasma conguration. However, at low values of the σ parameter, the θ parameter becomes increasingly sensitive and its controllability decreases accordingly. In addition, the new controller also aims to provide simultaneously, good control of plasma position, shape and divertor leg by controlling the poloidal uxes at the control points prescribed in MGAMs.
Design and optimisation of control parameters
for the SF plasma conguration.
The primary focus of this work is to achieve reliable control of SF congurations with very low sigma. The two main parameters for tuning the controller performance to ensure good tracking and steady state performance of the σ parameter with respect to the given reference scenario are as follows,
• Weight matrix, W t , that determines the level of importance of various plasma quantities for a given conguration.
• The number of actively controlled variables, z, that determines the control of the plasma quantities.
Optimisation of the weight matrix
Inherent to the design of the generalised plasma position and control algorithm is its ability to preferentially weight dierent plasma quantities. In particular, the position control is ensured by the controller by weighting the vertical and radial position of the plasma such that the rst two controlled variables, z, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t always correspond to vertical and radial control. The rst two columns of the post-multiplier matrix, V g , represent the coil actuation directions corresponding to the two controlled variables and produce net radial and vertical magnetic elds in the plasma cross-section, respectively, to control the plasma position. A detailed explanation can be found in [22] . Then, in a scenario with a given set of actively controlled variables, it is possible to choose a suitable weighting on the remaining estimators, e.g. the rst moments of the plasma shape, the positions of the strike points and the poloidal magnetic eld at the X-points, such that the remaining controlled variables correspond to the above mentioned plasma quantities. Two dierent sets of W t matrix were chosen, one associated with a higher weighting on the poloidal magnetic eld at the X-points, dened as the radial and vertical components of the poloidal magnetic eld at the two X-points and the other without any preferential weighting for the plasma quantities. Figures 7(a) and (b) shows the calculated isoux surfaces of vertical and radial magnetic eld associated with preferential weighting on the poloidal magnetic eld at the X-points for the con- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t tuators associated to the controlled variables 3 and 4 with preferential weighting (Figures 7(a-b) ) produces a poloidal magnetic eld peaking nearer the X-points in comparison to the actuator set associated with natural weighting (Figures  7(c-d) ).
In order to experimentally conrm the eect of the o-line weighting on the plasma quantities for the SF plasma conguration, plasma discharges based on the reference formulated in Figure 6 were performed with the above sets of W t . Figure 8 shows the comparison between a plasma discharge with a higher weighting associated with the poloidal magnetic eld at the X-point estimator (55740) and a plasma discharge without any preferential weighting on any nonpositional plasma estimators (55823). Figure 8(a) shows a reduction in the norms of the error on the active set of controlled variables, e, dened in Equation 1, with the activation of the controller in both discharges. The sum of the norm of the radial and vertical components of the magnetic eld at the two X-points are smaller in absolute value in discharge 55740, associated with enhanced weighting on these parameters, than in discharge 55823. (Figures 8(c) ) and 8(d)). Figure  8 (b) shows a smaller absolute value of the shape estimator, dened as the norm of the dierence between the poloidal ux at the primary X-point and the control points dening the remainder of plasma boundary, in discharge 55823 associated with no preferential weighting, than in discharge 55740. The disturbance in the norm of the error for discharge 55823 in Figure 8(a-d) is a result of the perturbation in the poloidal ux distribution introduced due to a step change in one of the poloidal eld coil currents upon switching polarity.
Optimisation of the actively controlled variables
In principle, we dispose of additional degrees of freedom to improve the performance further; namely, with a xed weighting on the poloidal magnetic eld control at the X-points, a larger set of actively z can be chosen in order to improve the controller performance, at the expense of a higher demand on the poloidal eld coil currents. A series of SF discharges were carried out in order to understand the eect of the number of active controlled variables on the various plasma estimators and on the poloidal eld coil currents. The same weighting used for the X-point control in discharge 55740 (discussed in Section 3.1) was kept throughout the scan. Attempting to increase the number of controlled variables beyond 8 resulted in an over-demand on the coil currents and violation of one of the constraints imposed on the combination of poloidal eld coil currents to limit mechanical stresses. As a result, the machine protection interlock system of the TCV tokamak stopped the plasma discharge. Increasing the amount of controlled variables would require imposing these coil current constraints in real-time, and development of associated MIMO anti-windup schemes to treat the saturations in the multi-dimensional coil current input space. This is beyond the scope of the present paper. However, for the purpose of comparison, a SF plasma discharge 11 Page 11 of 18 AUTHOR SUBMITTED MANUSCRIPT -NF-103210 .R3   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Figure 8 : Comparison of controller performance on a SF plasma conguration with (55740) and without (55823) preferential weighting for controlling the poloidal magnetic eld at the X-points for an equal number of actively controlled variables (n z = 8). Time evolution of the norm of the errors (a) on the actively controlled variables, (b) over the variables related to plasma shape, (c) over the radial and (d) vertical magnetic elds at the two X-points. The controller activation time is denoted by the red line.
(55843) with only 4 actively controlled variables was performed, this is shown in Figure 9 , in comparison with the reference discharge 55740 with 8 variables. Figure 9 (a) shows the reduction in the norm of the controlled variable errors after the controller activation. However, Figures 9(b) shows larger plasma shape errors for discharge 55843. In this discharge the control of the poloidal magnetic eld at the two X-points is also worse than in discharge 55740 (Figures 9(c) and 9(d)). In comparison to the large variations shown in Figure 8 , the discharge 55740 with 8 actively controlled variables provides an incremental improvement in comparison to the discharge 55843 with 4 actively controlled variables.
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Page 12 of 18 AUTHOR SUBMITTED MANUSCRIPT -NF-103210 .R3   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Figure 9 : Comparison of controller performance on a SF plasma conguration with n z = 8 (55740) and n z = 4 (55843) actively controlled variables with a xed weighting for controlling the poloidal magnetic eld at the X-points. Time evolution of the norm of the errors (a) over all on the active controlled variables, (b) over the variables related to plasma shape, (c) over the radial and (d) vertical magnetic elds at the two X-points. The controller activation time is denoted by the red line.
Controller performance and its comparison with the TCV analogue controller
The aim of this section is to discuss, for the reference SF plasma conguration dened in Figure 6 , the controller performance in comparison with the results achieved using the legacy TCV analogue controller, which merely provides feedforward control for the shape and feedback control of the position using an analog position estimator. These vertical and radial position estimators are constructed directly from magnetic measurements on the vessel wall. All other quantities are controlled only in feedforward, with PF coil currents following references computed by the FBTE, assuming parametric current and pressure proles. Deviations from the assumptions used in calculating the feedforwards cause departures from the desired shape. This happens in particular as a result of auxiliary heat-
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Page 13 of 18 AUTHOR SUBMITTED MANUSCRIPT -NF-103210 .R3   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t ing and current drive altering the current prole. Success in controlling plasma shapes in feedforward mode in TCV has often been achieved by virtue of iterating over multiple discharges. For comparing the controller performance, we use the reference discharge with optimised controller setup (56579), with 8 active controlled variable and preferential weighting. The same reference was then repeated with the TCV analogue controller emulated on the digital control system of the TCV tokamak (56583). The dierence between the performance of the two controllers is evaluated with RTLIUQE. We focus in particular on various properties derived from the equilibrium solver such as e.g. the geometrical parameters for the SF conguration, σ and θ. Figure 10 shows a comparison of the equilibrium properties. Figure 10 (a) shows the pre-programmed reference obtained from FBTE and the measurement of the σ parameter for the two discharges. The new controller provides better tracking of the σ parameter and also leads to lower steady state value σ in comparison to the plasma discharge controlled by the legacy TCV controller. However, neither controller is able to achieve the pre-programmed steady state σ value. During the phase of constant σ operation, a lower steady state error value of 0.13 was obtained for the plasma discharge 56579 associated with the new controller in comparison to a value of 0.19 for 56583 with TCV analogue 14 Page 14 of 18 AUTHOR SUBMITTED MANUSCRIPT -NF-103210 .R3   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t controller. The RMSD between the pre-programmed reference and measurement for σ for the discharge 56579 was found to be 0.07 vs 0.15 for the discharge 56583, for σ < 0.1. The rapid oscillations in the θ parameter with the new controller, seen in Figure 10(b) , are primarily a result of the low value of σ reached in this case (θ becomes undened for σ=0). During the phase of the plasma discharge corresponding to σ < 0.3, the RMSD from the pre-programmed reference of the θ parameter is lower with a value of 42 • for the discharge 56583 over the value of 76 • for the discharge 56579. Figure 10 (c) illustrates the dierence in the norm of the errors, e, for the two discharges. For the sake of comparison, the norms of e are reconstructed for the discharge controlled by the TCV analogue controller. As expected, a smaller norm of the errors is achieved for the discharge 56579 performed with the new controller. Figure 10(d) shows the dierence between the norms of the shape estimator for the two discharges. The reference signal for the shape estimators are dened as zeros. For the plasma discharge 56583 performed with the legacy TCV controller, the norm of the shape estimator increases and diverge from the reference during the plasma discharge, whereas the value of shape estimator remained almost constant for 56579 with a steady state error value of 3.8.
Discussion and conclusions
The paper discusses the application of a new generalised plasma position and shape controller to a snowake plasma conguration, a potential solution to reduce heat loads onto the material surfaces in diverted tokamak plasmas. The paper reports on the experimental investigation of the optimised set of control parameters, primarily the weight matrix W t concerning the control of poloidal magnetic eld at the two nearby X-points and the number of actively controlled variables, associated with the control of various plasma quantities and requirements on the poloidal eld coil currents. The generalised plasma position and shape controller with an optimised set of control parameters provides good tracking as well as a lower steady state σ parameter in comparison to the legacy TCV controller.
The TCV analogue controller has been able to successfully achieve σ values ranging from 0.1-1 and θ between 10 • -170 • during various TCV experimental campaigns. The new controller is also able to successfully achieve and track σ values ranging from 0.4-0.1 that covers the typical range of values necessary for physics studies on TCV. Rapid oscillations in the θ parameter ranging from 10 • -170 • denoting transitions between SF plus to SF minus conguration arising at lower values of σ observed with both the controllers are not an issue for the TCV physics experiments at these parameters.
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Whether the value obtained is the ultimate limit for steady-state control or an even lower σ is possible remains an open question both from the control standpoint and the SF physics standpoint. It must be stressed that equilibrium reconstruction is not immune to errors and is particularly dicult for a snowake plasma in the X-point region. Ultimately, our knowledge of the conguration, and particularly the proximity to the "exact" SF, depends on the accuracy of the reconstruction. While other diagnostics (e.g., cameras) can provide additional information, the precision with which a reconstructed image can identify the X-points is also limited, and typically more limited than the magnetic equilibrium reconstruction itself. However, the crucial result here is the internal consistency of the controller performancei.e., its ability to match the desired reference with a given observer, irrespective of its intrinsic accuracy.
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